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a b s t r a c t
Altered acetylcholinesterase (AChE) has been identiﬁed in numerous arthropod species
resistant to organophosphate (OP) and carbamate insecticides. TheNewWorld screwworm
(NWS)Cochliomyia hominivorax (Coquerel), one of themost importantmyiasis-causing ﬂies
in the Neotropics, has been controlled mainly by the application of OP insecticides in its
current geographical distribution.However, few studies have investigated insecticide resis-
tance in this species. Based on previous studies about mutations conferring OP resistance
in related dipteran species, AChE cDNA was sequenced allowing a survey for mutations
(I298V, G401A, F466Y) in NWS populations. In addition, the G137D mutation in the car-
boxylesterase E3 gene, also associated with OP resistance, was analyzed in the same NWS
populations. Only 2/135 individuals presented an altered AChE gene (F466Y). In contrast, a
high frequency of the G137D mutation in the E3 gene was found in some localities of Brazil
and Uruguay, while the mutant allele was not found in Cuba, Venezuela or Colombia. These
ﬁndings suggest that the alteration in the carboxylesterase E3 gene may be one of the main
resistance mechanisms selected in this ectoparasite. The knowledge of the frequency of
these resistance-associated mutations in the NWS natural populations may contribute to
propriathe selection of ap
. IntroductionAcetylcholinesterase (AChE; EC 3.1.1.7) is a key enzyme
n the nervous system, responsible for the rapid hydrol-
sis of the neurotransmitter acetylcholine at cholinergic
ynapses (Rosenberry, 1975). Organophosphate com-
∗ Corresponding author at: Laboratório de Genética e Evoluc¸ão Animal
CBMEG), Universidade Estadual de Campinas (UNICAMP), P.O. Box 6010,
venida Candido Rondon 400, 13083-875 Campinas, SP, Brazil.
el.: +55 19 3521 1141; fax: +55 19 3521 1089.
E-mail address: rassis@gmail.com (R.A. de Carvalho).
1 These authors contributed equally to this work.
304-4017 © 2010 Elsevier B.V. 
oi:10.1016/j.vetpar.2010.11.017
Open access under the Elsevier OA license.te chemicals for control as part of pest management strategies.
© 2010 Elsevier B.V. 
pounds (OP) target the AChE enzyme as its primary site
of action, phosphorylating the active site serine to block
the hydrolysis of acetylcholine, leading to the death of
the insect (Menozzi et al., 2004). Point mutations in the
AChE gene have been described for resistant strains of dif-
ferent dipteran species (Mutero et al., 1994; Walsh et al.,
2001; Vontas et al., 2002; Temeyer et al., 2008). Most of
these mutations in the AChE gene are conserved in these
species and combinations of several pointmutations in this
Open access under the Elsevier OA license.enzyme have already been found in several alleles, where
they induced higher levels of organophosphate resistance
(Mutero et al., 1994).
The New World screwworm (NWS), Cochliomyia
hominivorax, is one of the most important myiasis-causing
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ing theFig. 1. Schematic view of AChE cDNA from Cochliomyia hominivorax show
primers.
ﬂies in the Neotropics, characterized by the ability of its
larvae to develop in the ﬂesh of vertebrates, causing severe
economic losses to livestock industry (Hall andWall, 1995).
Although the Sterile Insect Technique (SIT) was success-
ful for NWS eradication in North and Central America
(Galvin and Wyss, 1996), throughout its current geograph-
ical distribution the control of this species has relied on the
application of chemical insecticides, which normally leads
to the selection of resistant individuals. Although there are
few reports regarding resistance in NWS (Veríssimo, 2003;
CoronadoandKowalski, 2009;Robinsonet al., 2009),muta-
tions in the carboxylesterase E3 gene are shown to involve
a general formofOP resistance in Lucilia cuprina (Newcomb
et al., 1997) and Musca domestica (Claudianos et al., 1999)
and have been described in NWS (Carvalho et al., 2006,
2009; Silva andAzeredo-Espin, 2009), indicating a putative
selective pressure by OP compounds.
In Drosophila melanogaster-resistant strains, the G265A
mutation and the triple mutant I161V/G265A/F330Y in
the AChE gene were found to be the most frequently
encountered mutations (Menozzi et al., 2004). These three
point mutations, also analyzed by in vitro site-directed
mutagenesis in L. cuprina AChE, cause, singly and in combi-
nation, considerable insensitivity to OP (Chen et al., 2001).
Based on the intensive use of OP insecticide for NWS
control and its economic impact in livestock activity, in this
study we sequenced a cDNA encoding AChE and surveyed
the presence of these AChE mutations in NWS popula-
tions. In addition, we veriﬁed the frequency of the G137D
mutation in the carboxylesterase E3 gene in the same
populations. AChE sequencing will allow further studies
associating NWS resistant phenotypes with altered sites
in the enzyme, providing important information for NWS
control.
2. Materials and methods
2.1. Samples and DNA/RNA extraction
C. hominivorax samples were collected from wounds
of infested animals between 2003 and 2006 from regions
throughout Brazil, including Caiapônia (BCA, 16◦ 57S/51◦
48W), Estiva (BES, 22◦ 27S/46◦ 01W), Santa Maria das
Barreiras (BSM, 08◦ 52S/49◦ 42W), Carambeí (BCI, 24◦55S/50◦ 05W) and Pinheiro Machado (BPM, 31◦ 34S/53◦
23W). Samples from outside Brazil were also collected and
these include Encontrados/Venezuela (VEN, 09◦ 03N/72◦
14W); Ban˜ado de Medina/Uruguay (UBM, 32◦ 23S/54◦
21W); Turbo/Colombia (COT, 8◦ 05N/76◦ 43W); Ciego demutation positions (I298V, G401A, F466Y) and the hybridization sites of
Ávila/Cuba (CCA, 21◦ 50N/78◦ 46W). Ten individuals from
each locality (one per wound) were used to analyze the
frequencyofE3mutants,whereas for theAChE test, 15 indi-
viduals from each locality were analyzed (from at least 10
wounds). DNA was extracted from NWS larvae using the
phenol-chloroform method (Infante-Vargas and Azeredo-
Espin, 1995). For AChE cDNA sequencing, total RNA was
extracted from NWS larvae using Trizol (Invitrogen) and
the cDNA was synthesized using the SMART cDNA PCR
synthesiskit (ClontechLaboratories), according to theman-
ufacturer’s instructions.
2.2. AChE cDNA sequencing
Two sets of primers, based on the L. cuprina AChE
nucleotide sequence (Chen et al., 2001), were used for
AChE ampliﬁcation: Ache5 (5′ CGTCTACTATTATGGCTCG
3′) and AcheR2 (5′ CCTCATCCTTGACATTTCC 3′), Ache3 (5′
TTGAAAAATGCATGTGACC 3′) and AcheF2 (5′ CGATCCT-
GATCATTTAATCC 3′) (Fig. 1). The 50l PCR mix contained
approximately 100ng of double strand cDNA, 20mM
Tris–HCl (pH 8.4), 50mM KCl, 2 units of Taq polymerase
(Invitrogen), 70MofeachdNTP, 3.5mMMgCl2, 0.5mg/ml
BSA and 0.5M of each primer. After an initial denatur-
ing step of 3min at 96 ◦C, 35 cycles were performed, each
one consisting of 1min at 95 ◦C, 1min at 52 ◦C and 2min
at 72 ◦C, with a ﬁnal step of 10min at 72 ◦C to fully extend
all amplicons. PCR products were cloned into the pGEM-
T plasmid vector (Promega) and sequenced (three clones
for each fragment) using forward and reverse primers.
Sequencing was performed with the Big DyeTM Termina-
tor Cycle Sequencing Ready Kit, version 3.0 (ABI PrismTM,
Perkin Elmer) and an ABI 3700 Applied Biosystems Model
automated DNA sequencer. Nucleotide sequences of NWS
were analyzed by BLASTN (Altschul et al., 1997) to search
for similarities, and sequence alignments were carried out
using ClustalX (Thompson et al., 1997). The prediction
of the signal peptide was performed using Signal P v.3.0
(Bendtsen et al., 2004).
2.3. E3 and AChE genotyping
To genotype the E3 gene, PCR-RFLP reactions were
performed according to Carvalho et al. (2006). Based on
the AChE sequence obtained in this work, new primers
were designed, Achef3 (5′ AATCCCCAATCGGTTATG 3′) and
Acher3 (5′ TTGCAATCATTTATCAAAGC 3′), to analyze the
occurrence of the three pointmutations associatedwithOP
resistance (I298V, G401A, F466Y), avoiding the ampliﬁca-
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Fig. 2. Multiple sequence alignment of AChE protein sequences for C. hominivorax, L. cuprina (AAC02779), H. irritans (AAS45645), M. domestica (CAC39209)
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ion of one large intron (Fig. 1). Primers combination used
or this analysis was Achef2/Acher3 and Achef3/Acher2.
CR conditions were similar to those used for AChE cDNA
mpliﬁcation, with optimization of MgCl2 concentration
2.5mM), annealing temperature (53 ◦C), extension time
50 s at 72 ◦C) and use of 25–100ng of genomic DNA. PCRe indicated by numbers above participating cysteine pairs. The members
rized for conferring insecticide resistance (I298, G401, F466) are indicated
a circle. The N- and C-terminal sequences, which are cleaved from the
products were puriﬁed using the QIAquick® PCR puriﬁ-
cation Kit (Qiagen) and directly sequenced. Nucleotide
sequences presenting a double peak in the chromatogram,
indicating possible nucleotide heterogeneity, were cloned
into the pGEM-T plasmid vector (Promega) and six clones
of each were sequenced.
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3. Results
3.1. AChE cDNA sequence
Characterization of the AChE cDNA sequence was used
to investigate putative mutations involved in OP resis-
tance. Although a few nucleotide substitutions have been
observed among sequenced clones, mainly in the N and C
terminal regions, a consensus sequencewas assembled and
the NWS populations surveyed for three point mutations
previously characterized in conferring OP resistance in D.
melanogaster and L. cuprina. Since a NWS susceptible ref-
erence strain is not available in Brazil, it is not possible to
examine our data to infer the inﬂuence of other nucleotide
substitutions on a resistant phenotype.
The ORF of NWS AChE is comprised of 2250 nucleotides
(GenBank accession number FJ830868), showing signiﬁ-
cant nucleotide similarity (88%) with L. cuprina AChE. The
deduced amino acid sequence of NWS AChE was compared
to the AChE amino acid sequences from other ﬂy species,
showing a high identity with L. cuprina (93%), Haemato-
bia irritans (90%), M. domestica (90%) and D. melanogaster
(88%). The W222 residue (position according to sequence
ofC. hominivorax), themain componentof the cholinebind-
ing site, is conserved among the species. The predicted
members of the catalytic triad correspond to residues in
the positions Serine374, Glutamate503 and Histidine616
(S200, E327, H440 in Torpedo californica, Schumacher et al.,
1986) (Fig. 2).
The highly divergent regions between the AChE
sequences are the signal peptide (N-terminal), cleaved
from the mature protein during secretion (Nielsen et al.,
1997), and the C-terminal region, replaced by a glycolipid
anchor (GPI-anchor) during post-translation modiﬁcations
(Haas et al., 1998). Despite divergence in these regions,
the primers designed based on the L. cuprina sequence
worked for NWS. Based on the alignment and description
of the signal peptide for other species (Chen et al., 2001;
Kim et al., 2003; Temeyer and Chen, 2007), the potential
signal peptide in NWS has a length of 139 amino acids
and is serine-rich (34.53%). The GPI Prediction Server, ver-
sion 3.0 (Sunyaev et al., 1999), indicated the S721 residue
as a potential GPI modiﬁcation site in the C-terminal
region.
3.2. Frequency of AChE and E3 mutants
Three point mutations associated with reduced sen-
sitivity to OP insecticides were characterized previously
by in vitro site-directed mutagenesis in AChE of L. cup-
rina (Chen et al., 2001). These points were investigated in
NWS populations, corresponding to the I298V, G401A and
F466Y positions in the NWS sequence (V129, G227, F290 in
Torpedo californica, Schumacher et al., 1986) (Fig. 2). Ampli-
ﬁcations using two sets of primers produced fragments
of 500bp (Achef2/Acher3) and 206bp (Achef3/Acher2),
respectively (data not shown), that encompass the point
mutations analyzed. Only one of these mutations (F466Y)
was found in two individuals in Pinheiro Machado (RS,
Brazil), one individual was homozygote and the other het-
erozygote for the F466Y mutation. These individuals mayFig. 3. Map of South and part of Central America showing the regions
where NWS were collected and the G137D mutation frequencies in
the carboxylesterase E3 gene. White =wild alleles; gray =heterozygotes;
black =mutant alleles.
be sibling samples since they were obtained from the same
wound.
On the other hand, the G137D mutant allele was found
at a high frequency as homozygotes and heterozygotes
in Uruguay (75%) and in the most of the Brazilian States
studied such as Goiás (60%), Minas Gerais (50%), Paraná
(75%) and Rio Grande do Sul (55%). Only Pará showed a low
G137Dmutation frequency (20%). Interestingly, the G137D
mutation was not found in Cuba, Venezuela or Colombia.
Genotype frequencies of individuals from each locality are
presented in Fig. 3.
4. Discussion
In this study, we sequenced AChE cDNA from NWS and
surveyed for the presence of mutations involved in OP
resistance in AChE and E3 genes in NWS natural popula-
tions. Alterations in the AChE gene cause insensitivity to
OP, while the G137D mutation is associated with a gen-
eral form of OP resistance by metabolic detoxiﬁcation of
the insecticide. This study did not directly compare the
frequency of these mutations in E3 and AChE genes with
phenotypic resistance, as determined by insecticide expo-
sure assays. However, the high conservation of mutations
in these genes among the dipteran species suggests that
the same resistance mechanisms could have evolved in
NWS.
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The deduced amino acid sequence of AChE from NWS is
ighly similar to those of other dipteran AChEs, with all the
ajor structural and functional features of the protein con-
erved.While some insect species of theOrthorraphagroup
ossess more than one AChE gene (Ace1 and Ace2), the
xistence of a second AChE gene was not investigated in C.
ominivorax. However, the high similarities found between
his AChE and the other dipteran AChEs suggest that this
ene is an ortholog of the AChEs of D. melanogaster, M.
omestica, H. irritans and L. cuprina and, therefore, a mem-
er of the Ace2 group (Weill et al., 2002).
A survey of the geographical distribution of mutations
n these genes in NWS revealed a high frequency of G137D
utation in several Brazilianpopulations andUruguay. The
ow frequency of the G137Dmutation in Pará (Brazil) could
e correlated with lower selective pressure since the live-
tock activity in this region is more recent. Absence of
utant alleles (D137) in Colombia, Venezuela and Cuba
ouldbedue to lowOPpressure in these localities or associ-
tedwith a historical event inwhich emergence of Amazon
orest divided NWS into two geographical populations,
estricting gene ﬂow (Fresia PC, personal communication).
recent investigation of the W251S mutation in the NWS
3 gene, involved in dimethyl-OP and pyrethroid resis-
ance, showed a considerable frequency of this mutation in
ost of thepopulations analyzed (Silva andAzeredo-Espin,
009). Alterations in the frequencies of both mutations in
he E3 gene seem to be associated with the use of insecti-
ides forNWScontrol, as shown inUruguay (Carvalho et al.,
010).
In addition to the possibility of ﬁtness cost caused by
ltered AChE, the low frequency of AChE mutants found
n natural populations of NWS could be explained by the
act that the mutant forms of NWS E3 may possess a higher
fﬁnity for OPs than the AChE target site itself, which may
erve toprotectAChE, aprocess seen in L. cuprina (Campbell
t al., 1997; Newcomb et al., 1997). Although there are
o studies reporting phenotypic OP resistance in the NWS
y, this report documents a high frequency of E3 mutants
nd the E3-based resistance mechanism may have been
elected by OP pressure in this species. Molecular assays
rovide information as to the presence and distribution
f resistance-associated alleles in populations, even when
ccurring at a low frequency, allowing resistance to be
etected earlier than by traditional insecticide exposure
ssays. In this regard, this study provides useful informa-
ion that can facilitate the monitoring and management
f resistance to improve the effectiveness of NWS control
rograms.
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